Abstract Electric potential near a wall for plasma with the surface produced negative ions with magnetic field increasing toward a wall is investigated analytically. The potential profile is derived analytically by using a plasma-sheath equation, where negative ions produced on the plasma grid (PG) surface are considered in addition to positive ions and electrons. The potential profile depends on the amount and the temperature of the surface produced negative ions and the profile of the magnetic field. The negative potential peak is formed in the sheath region near the PG surface for the case of strong surface production of negative ions or low temperature negative ions. As the increase rate of the magnetic field near the wall becomes large, the negative potential peak becomes small.
Introduction
A hydrogen negative ion is desirable for neutral beam injection (NBI) that is a method of heating plasma confined magnetically, because its neutralization efficiency is much higher than positive ion. In negative ion sources of NBI for large fusion devices such as ITER, high energy and high current negative ion beams are required. Performance required for negative ion sources of NBI for ITER is 1 MeV beam energy and 40 A beam current. In the surface produced negative ion source, negative ions produced on a plasma grid (PG) are accelerated by potential between the plasma and the PG. However, the general sheath potential accelerates the surface produced negative ions toward an inner side of the ion source. Trajectories and extraction probabilities of the surface produced negative ions have been calculated numerically [1, 2] . However, the physical mechanism of extraction of surface produced negative ions from the PG has not been made clear.
There is possibility that the potential distribution near the PG in the surface produced negative ion source is different from the general sheath potential because a large number of negative ions are produced on the PG. It has been shown that a virtual cathode is formed near the PG in the surface produced negative ion source by Particle in Cell (PIC) simulations [3, 4] . AMEMIYA et al. analyzed the sheath potential for the case of electron emission into plasma consisting of electrons, positive ions and negative ions [5] . R. MCADAMS et al. extended the model of AMEMIYA et al. to the sheath potential including the formation of the virtual cathode [6] . In these analyses, a density of negative ions was given by a Boltzmann distribution. For plasma that consists of electrons and positive ions, EMMERT et al. investigated the sheath potential analytically considering both the plasma and the sheath regions selfconsistently by using a plasma-sheath equation [7] . We have investigated the potential distribution near the extraction region analytically by means of the plasmasheath equation and shown that the virtual cathode is formed, where the negative ions produced on the PG surface are considered [8] . In this analysis, the density of negative ions was derived from the kinetic equation and energy equation.
Plasma in the negative ion source is confined by cusp magnetic fields so as to reduce plasma loss on the wall. SATO et al. extended the method of EMMERT et al. to a case of magnetized plasma [9] . In their analysis, a magnetic field of which the strength decreases monotonically toward the wall was considered. We have investigated the potential near the wall with the magnetic field of which the strength increases toward the wall such as the cusp magnetic [10] . These analyses were performed for plasmas that consist of electrons and positive ions. On the other hand, in the JT-60U negative ion source in JAEA (Japan Atomic Energy Agency), permanent magnets are embedded in an extraction grid (EXG) in the extraction region to suppress the acceleration of the extracted electrons [11] . These magnets also produce a magnetic field increasing toward the PG surface inside the negative ion source.
In this paper, effect of the magnetic field on the potential distribution near the extraction region will be studied analytically for the plasma with surface produced negative ions, where the magnetic field increasing toward the PG surface is considered. The potential distribution depends on the amount and the temperature of the surface produced negative ions and the profile of the magnetic field, and the dependence is examined.
Model
In surface production negative ion sources, negative hydrogen ions H − produced on the PG surface are launched to the interior of the ion source. The cusp magnetic field increases toward the PG surface. It is assumed that the magnetic field is perpendicular to the wall near the PG surface. The background plasma is assumed to consist of electrons and positive hydrogen ions H + . The geometry of analytical model is shown in Fig. 1 . The electric potential φ(z) is assumed to be symmetric about z=0 and zero at z=0. The magnetic field B(z) is assumed to be symmetric about z=0 and B 0 at z=0. 
Analysis of electric potential
Constant energy E and E − of a positive ion and a negative ion in the z-direction are
where M and M − are the ion masses, υ ⊥ and υ ⊥− are the velocities perpendicular to the magnetic field, υ // and υ //− are the velocities parallel to the magnetic field, and q and −q are the charges of the positive and the negative ions, respectively. The magnetic moments for the positive ion and the negative ion are given by
where B(z) is the magnetic field at position z. The kinetic equations in the phase space for the positive ion and the negative ion are described by
where σ(= ±1) is the direction of the particle motion, f (z, E, µ, σ) and f − (z, E − , µ − , σ) are the distribution functions, S(z, E, µ) and S − (z, E − , µ − ) are the source functions, respectively. From Eqs. (1) to (4), the velocities parallel to the magnetic field are given by
. Furthermore, we assume that particles are not reflected at the wall, then the boundary condition of the distribution func-
In the magnetic field of which the strength increases toward the wall, dependence of −µB(z)−qφ(z) on z for the positive ion is classified into two cases. In case (i) the increase rate of µB(z) is larger than that of
The energy space of the particle is divided into some regions as shown in Fig. 2 , which are based on the condition that υ // and υ //− must be real number, that is,
In these energy spaces, particle motion is divided into some regions. In Fig. 2 , The distribution functions f (z, E, µ, σ) and f − (z, E − , µ − , σ) for σ = ±1 are obtained by integrating Eqs. (5) and (6) for particle trajectory on the boundary conditions. For the positive ion, the sum of the distribution functions about σ = ±1 for each energy region of cases (i) becomes 267
and that of case (ii) becomes
respectively, where z is the position of ion generation. In case (i), although the ions trapped between the turning points go back and forth and lead to infinite ion density, we assumed for simplicity that the trapped ions escape from the system due to collisions. Under this assumption, Eq. (9) is derived by integrating only one cycle of the trapped particle orbit and the results for case (i) are valid only under the condition that this assumption holds true. For the negative ion, the sum of the distribution functions about σ = ±1 for each energy region becomes
The positive ion density n i and the negative ion density n i− are obtained by integrating f (z, E, µ, σ) and f − (z, E − , µ − , σ) over the E-µ and E − -µ − spaces, respectively, as
By substituting Eqs. (9) and (10) into Eq. (12) and Eq. (11) into Eq. (13), and interchanging the order of integrations of them, respectively, the densities of the positive and the negative ion can be written as
where
and B s = B(z ) for z > z according to the conditions that υ // must be real number. Here, a case in which the increase rate of the magnetic field is smaller than the decrease rate of the potential is considered. As for the source functions S(z, E, µ) and S(z, E − , µ − ), we use the same expression as EMMERT et al.
where T i and T i− are the temperatures, h(z) and h − (z) are the source strengths, and S 0 and S 0− are the average source strengths of the positive ion and the negative ion, respectively. The averages about z of h(z) and h − (z) are normalized to 1. Substituting Eqs. (16) and (17) into Eqs. (14) and (15), respectively, and integrating them for µ, µ − and E, E − , respectively, we obtain the densities as 
where I(z, z ) and I − (z, z ) are given by 
As for the electron density n e , we use a Maxwell-Boltzmann distribution for simplicity
where n 0 is the density at z = 0, −e is the electron charge, k is the Boltzmann's constant, and T e is the electron temperature. By substituting Eqs. (18), (19) and (23) into Poisson's equation, the plasma-sheath equation is derived as
The average source strengths S 0 and S 0− are decided by the equilibrium of the fluxes of the plasma particles at the wall. We consider that j ew + j iw − j iw− = 0, where j ew is the electron current density, j iw is the positive ion current density, and j iw− is the negative ion current density at the wall, respectively. Furthermore, we define the ratio of the production rates of negative ions to positive ions to be β = S 0− /S 0 . The average source strengths are obtained as
where m e is the electron mass and φ w is the wall potential. Substituting Eqs. (25) and (26) into Eq. (24), we obtain
where λ D = (ε 0 kT e /n 0 e 2 ) is the Debye length.
Numerical solution of the plasma-sheath equation
Here, we introduce normalized variables: η = (e/kT e )(φ
, where R is the mirror ratio. The normalized plasma-sheath equation is solved numerically by transforming it into a set of finite difference equations [7, 8] . The boundary conditions are dη/ds| s=0 = 0 and η(s = 1) = 0. We assume that the positive ion is generated uniformly, that is, h(z) = 1, and the negative ion is generated at the wall only. We assume the mirror ratio similar to the expression used by SATO et al. [4] R
where α is a positive constant. The potential profile for various values of the ratio of the production rates of negative ions to positive ions β = S 0− /S 0 is shown in Fig. 3 , where λ D /L = 5 × 10 −2 , the temperature ratio τ = T e /T i = 2 and τ − = T e /T i− = 10, and the positive constant in Eq. (28) α = 0.2, and the normalized potential Φ = −η = (q/kT e )(φ − φ w ) is shown. The result for the case without negative ions, which corresponds to β = 0, is also shown. The potential depends on the value of β and decreases and has a negative peak near the wall as the value of β increases. The profile of the potential for various values of the temperature ratio τ − = T e /T i− is shown in Fig. 4 , where τ = 2,
and α = 0.2. It is found that the sheath potential depends on the value of τ − and has a negative peak near the wall for large τ − . This may be because that the low energy negative ions stay a long time near the PG surface. The profile of the potential for various values of the positive constant in Eq. (28) α is shown in Fig. 5 , where τ =2, τ − =10, β = 0.8, and λ D /L = 5 × 10 −2 . The result for a case without the magnetic field is also shown. It is shown that the sheath potential has no negative peak near the wall for the case in which the increase rate of the magnetic field is large. 
Conclusions
The potential distribution near the extraction region for the plasma with the surface produced negative ions and the magnetic field increasing toward the wall is studied analytically. The plasma-sheath equation is derived theoretically and solved numerically. It is shown that the potential decreases as the surface produced negative ions increase and a negative potential peak is formed near the PG surface for the case of strong surface production of the negative ions. This negative potential peak is also formed for the case of low energy negative ions. This may well come from the fact that low energy negative ions stay a long time near the PG surface. On the other hand, the negative potential peak is not formed near the PG surface for the case in which the increase rate of the magnetic field is large.
